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vABSTRACT
For ages, ceramic properties and structure is known for its brittleness and its failure
such as cracking and warping. This weakness also relates to the high sensitivity of
ceramic to any thermal gradient effects. Therefore, processing steps of green body of
ceramic is crucial especially in membrane fabrication that has a multilayer structure to
ensure the efficiency of its applications. Thus, every step of ceramic membrane
preparation and fabrication needs careful control and monitoring to fulfil these aims.
Drying is one of the main problems that is always associated with the cracks and
leakages of the ceramic membrane. In fact, the drying process is one of the longest
steps corresponding to various evolutions of parameters during the evaporation
process. Due to the limitation in experimental or empirical ability to determine the
changes of dynamic critical variables during drying, modelling and simulation seems
to be the right option to determine and investigate these nonlinear and dynamic
variables and will be the focus of this study. This two-dimensional mathematical
modelling approach is able to predict the changes of variables in heat and mass transfer
during the drying process. The governing system of fully coupled non-linear partial
differential equations of the model was derived from a mechanistic approach where
the mass and energy conservation laws are defined for a particular phase into which
Darcy’s law and Fick’s law are substituted. A fully implicit algorithm has been
employed for numerical solution using the finite element method in which the Galerkin
weighted residual method is used in the spatial discretization and a backward finite
difference time-stepping scheme is employed for time integration. The ability of this
improved model is not restricted to a single homogenous layer of hygroscopic and non-
hygroscopic material, but on the novelty to incorporate multilayer heterogeneous
material properties as a membrane structure. A good agreement obtained by respective
validation works suggested that the model development and implementation are
satisfactory. Subsequently, case studies involving single layer and multilayer have
produced reasonable accuracy at all times.  The application of the model at various
case studies involves a convective and enhanced intermittent drying mode which
demonstrates the robustness and trustworthiness in predicting and optimising the
drying process.
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ABSTRAK
Ciri-ciri dan struktur seramik dikenali dengan sifat kerapuhan dan kegagalannya
seperti keretakan dan meleding sejak berzaman lagi. Kelemahan ini juga dikaitkan
dengan sensitivitinya terhadap sebarang perubahan haba. Oleh itu, langkah-langkah
pemprosesan jasad hijau seramik adalah penting terutamanya dalam fabrikasi
membran yang mempunyai pelbagai struktur lapisan dalam memastikan kecekapan
aplikasinya. Justeru, langkah-langkah penyediaan dan fabrikasi membran seramik
memerlukan kawalan dan pemantauan yang teliti bagi mencapai matlamat tersebut.
Pengeringan adalah salah satu masalah utama yang seringkali dikaitkan dengan
keretakan dan kebocoran membran seramik. Tambahan pula, proses pengeringan
melibatkan tempoh masa yang sangat lama rentetan daripada pelbagai evolusi
parameter semasa proses penyejatan. Disebabkan batasan keupayaan eksperimen atau
empirikal untuk menentukan perubahan pembolehubah kritikal dinamik semasa
pengeringan, pemodelan dan simulasi menjadi pilihan yang betul dalam menentukan
dan menyiasat pembolehubah tidak sejajar serta dinamik dan akan menjadi fokus
kajian ini. Pendekatan pemodelan matematik dua dimensi ini dapat meramalkan
perubahan pembolehubah dalam haba dan pemindahan jisim semasa proses
pengeringan. Sistem pengolahan dengan persamaan pembezaan separa bukan linear
penuh yang diperoleh daripada pendekatan mekanistik dimana hukum pemuliharaan
jisim dan tenaga ditakrifkan untuk fasa tertentu untuk digantikan dengan hukum Darcy
dan hukum Fick. Satu algoritma tersirat penuh digunakan untuk penyelesaian berangka
yang menggunakan kaedah unsur terhingga dimana kaedah pemberat Galerkin
digunakan dalam diskritasi ruang dan skim perbezaan terhingga masa-loncatan ke
belakang digunakan untuk integrasi masa. Kemampuan model ini tidak terhad kepada
satu lapisan homogen bahan higroskopik dan bukan higroskopik, tetapi pada
keupayaan yang novel dalam menggabungkan sifat heterogen bahan pelbagai lapisan
sebagai struktur membran. Satu persetujuan yang baik telah dicapai daripada kerja-
kerja pembuktian yang mencadangkan pembangunan dan pelaksanaan model adalah
memuaskan. Sejurus itu, kajian kes yang melibatkan lapisan tunggal dan berlapis telah
menghasilkan ketepatan yang munasabah pada setiap masa. Aplikasi model dalam
pelbagai kajian kes melibatkan pengeringan perolakan serta mod pengeringan sekala
yang dimajukan menunjukkan keteguhan dan kebolehpercayaan dalam meramal dan
mengoptimumkan proses pengeringan.
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1CHAPTER 1
INTRODUCTION
1.1 Research background
Membrane technology is an emerging interdisciplinary technology. Its application has
produced a significant change since 1960 as it is not only used in laboratory tools but
also on industrial sides. Membrane processes have become an accepted unit operation
for a variety of separations in industries for various purposes such as gas separation,
reserve osmosis, nanofiltration, ultrafiltration, microfiltration, dialysis, reactors,
contractors and others [1]. With increasing demand at 9% annual rate [2] especially in
water and wastewater industry, new technologies and new processing techniques on
membrane production are constantly being discovered and invented. Since membrane
technologies are energy intensive, defect-free and quality final products are essential
to the applications of membranes in the industry field. Thus, a good understanding of
all of the membrane fabrication steps is vital.
Generally, the membrane fabrication process starts from powder formation of
the right material combinations. Then it is in the form of slurry or paste to be ready for
various ceramic membranes preparation techniques such as slip casting, tape casting,
extruding or pressing. Before the precursor formulation forms into the final products,
it needs to be dried. The different moisture gradient in this segregated membrane
structure will definitely create a difference in thermal gradient effect during the drying
process[3]. Eventually, the process will end with the consolidation of membrane by a
heat treatment procedure at high temperature. As can be noticed, the drying step will
crucially determine the quality of the product before the final consolidation stage. The
consequences of improper drying process can lead to the initiation of defects and
eventually these defects will continue to propagate, causing undesired failure of the
2dried product. On top of that, the drying step is essential for ceramic membrane as this
component is a porous structure that consists of a unique separation structure with a
multilayer system which leads to a different moisture gradient.
Drying is widely applied in industries such as food, textile, paper, wood,
ceramics, minerals, wastewater sludge, pharmaceutical products or biotechnological
products [4]. Most of the drying industry uses a convective mechanism as it is more
flexible and has low energy consumption [5]. However, the losses due to convective
drying defects alone can be up to the order of 10% in industrial production [6]. Hence,
optimisation of the drying process in terms of energy usage and production time,
without compromising the defects of the product quality such as cracking or warping,
requires a comprehensive study and good understanding of the controlling parameters
that evolve during the drying process. Generally, drying means the transfer of liquid
(normally water) from the pores of a solid material to the surrounding air [7], [8].
Basically, are several stages in removing the water from a solid to the surrounding air
as shown in Figure 1.1. The initial wet body evaporates from the drying surface at a
constant rate corresponding to liquid flux. The evaporation rate is similar to that from
an open dish of liquid where there is a continuous supply of water from the interior of
the solid matrix to the evaporation surface [9]. As drying progresses, the fraction of
the wet area at the surface decreases with a decreasing open dish liquid. When the
water content reaches critical free water content, the surface evaporation will form
discontinued wet patches. Thus, this stage of drying has a decreasing evaporation rate
while the interior free water supply to the evaporation surface is restrained by the
decrease of the free water content. Eventually, the drying surface will recede into the
interior of the solid matrix, dividing the solid matrix into two regions, a wet region and
a dry region [10]. During this stage, vapour flux substitutes the previous liquid flux as
a dominant driving force for moisture transfer. Finally, as drying proceeds, the water
content decreases gradually to zero and subsequently vapour flux slows down and
decays toward the atmosphere as internal vapour pressure and external vapour pressure
is almost in equilibrium. This indicates the end of the drying process.
3(a) (b) (c)
Figure 1.1: Several stages in removal of water from between clay particles during
the drying process. (a) Wet body. (b) Partially dry body. (c) Completely dry body
[11]
Accordingly, there are various mechanisms and controlling variables
corresponding to different stages of the drying period that occur concurrently for
moisture evaporation to happen. Thus, it is necessary to carefully control the decisive
factors in the drying process in order to avoid defects in the dried product.
Unfortunately, drying is often associated with common failures due to improper
control of the drying process, such as cracking and warping. Those defects are closely
attributed to the non-uniform shrinkage mechanism that happens during the drying
process. Figure 1.2 illustrates the progress of the drying green body shrinkage with
respect to the weight loss and drying time. In the early stage of the drying process, the
moisture weight decreases at a constant rate. Thus the drying rate is at a constant rate
and this period of drying is often called the constant rate period. During this period,
the surface of the green body is always wet by the flow of liquid to the surface as a
consequence of the rearrangement of particles in the green body attributed to the
compressive capillary pressure at the surface of the green body. This phenomenon is
corresponding to the shrinkage and deformation of the solid as particles come into
contact to maintain an expelling of liquid flow to the surface at a constant rate [6].
Subsequently, the drying reaches the decreasing drying rate period when the liquid-
vapour interface starts to recede into the solid matrix. During this period, shrinkage is
limited when the particles come into contact with liquid filling the pores. Eventually,
drying will slow down and end when the moisture content inside the matrix and
external surroundings is at the equilibrium state.
4Figure 1.2: Schematic diagram of the drying of a ceramic green body showing the
weight loss and shrinkage with time [12]
Cracking is a defect that attributes to the shrinkage phenomenon. Severe
cracking could lead to fracture of the material particularly in brittle materials such as
ceramic. Critical free moisture content is the initiation point of the cracking
mechanism where shrinkage is restricted as particles are closely in contact with each
other. The formation of the wet and dry regions in the matrix body eventually causes
non-uniform shrinkage on the upper and lower cores of the solid body. The non-
uniform shrinkage induces a non-homogeneous drying stress in the solid matrix. Once
the drying stress exceeds the maximum tensile strength of the material, surface
cracking is likely to happen. Meanwhile, warping often occurs when drying involves
one surface drying only as this generates uneven shrinkage. Figure 1.3 demonstrates
the warping phenomenon during the drying process of tile. When the drying starts, the
upper face dries up faster and creates tensional force caused by compression of the
particles. This causes the tile to curl up when the upper face is smaller than the lower
face. Upon entering the late stage of drying, the liquid retreats into the solid, and the
drying process will be completed. The dry curls remain as the body is too rigid to
completely straighten out. Thus, improper control of the drying process can cause non-
uniform shrinkage, resulting in failure of the dried product. These defects can be
avoided by obtaining a better understanding of the underlying physics of the drying
process at a fundamental level via a better configuration of the drying process.
5Figure 1.3: Warpage from drying a tile [13]
As has been emphasised earlier, an understanding of the drying process is
essential to produce quality defect-free products. The drying phenomenon of moist
porous solids is a complicated process involving simultaneous, coupled mass and heat
transfer phenomena. Accordingly, drying behaviour can be influenced by a large
variety of independent factors, such as ambient conditions, air velocity, relative
humidity and saturation as well as material properties such as density, porosity,
permeability, hygroscopic and others. Therefore, extensive characterisation of drying
behaviour using a strictly experimental approach constitutes a formidable challenge
due to the excessively large number of variables that must be considered. However,
the task becomes more manageable nowadays with the help of a reliably realistic
computational modelling of the drying phenomenon.
The advanced computational modelling is an evolutionary step in pushing the
conventional drying process towards optimisation, conceptualisation or designing the
next generation drying process. In past decades, computational methods in drying
process engineering have been in emerging trend, motivated by its several advantages
[14]. Computational modelling seems to be the most convenient method due to its low
cost, speed, complete information, the ability to simulate realistic and actual
conditions, and ability to simulate ideal conditions [15], [16]. Additionally,
simulations lead to deeper physical insight by actually having virtual sensors in nearly
each point (using computational meshing). As such, the information on distribution
and evolution of all variables within the product can easily be determined, which can
feed new ideas for designing or optimising drying processes [14]. Furthermore,
modelling has the ability to measure or determine small changes and also has no
limitation with respect to the drying conditions and duration. Also to be noted is the
6fact that accurate predictions of computational modelling is essential in many
engineering applications; one example being optimisation of industrial drying
processes with respect to energy and time consumption and product quality [6], [16]–
[18]. For that reason, computational modelling has a large potential in both the
research level and in the industrial context to develop the next-generation sustainable
and green drying technology.
Essentially, the ceramic industry contributes about 10-25% of the national
energy consumption for industrial processes [4], [14]. Drying constitutes an essential
and energy-intensive unit operation, as most ceramics require drying of at least a part
of the product at some stage during processing. Due to these reasons, any initiative
work devoted to improve the ceramic drying operation, via saving energy, improving
product quality as well as reducing the environmental effect, would be most welcomed
and appreciated. Therefore, the computational modelling approach towards this aim
has indeed flourished over recent years. However, modelling the most perplexing
problems of the ceramic industry are amongst the most challenging in computational
modelling, attributed to their complexity, large range of multi-physics transport
processes that occur during drying, and their inherent large material characteristic
variability. The multi-physics transport and exchange processes involve the coupled
heat and mass occurring simultaneously inside the material and also with the
environment. Thus, a unique modelling approach must be based on fundamental heat
and mass transfer relationships and thermodynamic equilibrium applied on desired
drying techniques and specified materials of interest. This provides a tool that is
effective in predicting drying behaviour and is also useful in exploring and
understanding the impact of important variables in the drying process. In this way, the
impact of the many variables on the drying behaviour for a specific material of interest
and applied drying technique can be examined and interpreted without having to resort
to an extensive program of experimental testing. Additionally, this mathematical
modelling normally results in a set of governing equations which need to be
numerically solved using a specialized solver and an adaptive mesh scheme.
Subsequently, comparisons of model predictions with experimental drying data will
then help to verify the drying model.
Despite substantial efforts being devoted to the mathematical modelling of
drying phenomenon, the science remains far from perfect and therefore, interest in the
subject remains intense and widespread. Many of the previous approaches have been
7limited to specific applications with regards to either the material being dried or the
particular drying regime or mechanism at work. The lack of carefully obtained
experimental data, primarily due to the often complicated nature of the process and the
difficulty of making the necessary detailed measurements, is currently hampering the
development of the model for the drying process in membrane fabrication. It is quite
possible that perhaps the numerical predictions are almost as reliable as experimental
data. Hence, the motivation of this study is devoted to develop a tool to simulate drying
behaviour of ceramic materials and subsequently allow it to be extended to the
fabrication of ceramic membrane. Furthermore, the proposed model is enhanced to
accommodate an improved intermittent convective drying technique.
1.2 Problem statement
Fabrication of ceramic porous membrane is very complex and crucial since it involves
the development of very thin and dense layers which act as separators in the multilayer
structure. Failure to produce defect-free membrane will lead to the failure of the
filtering mechanism, especially when the top surface layer is the decisive factor to
ensure the perfect functionality of the membrane separation processes. In fabricating
a good quality solid porous membrane from the slurry or loose ceramic particles, the
drying stages play an important role (besides the other processing parameters). Based
on previous studies, most of the failures in the ceramic structure and component are
exhibited during different drying stages due to the stresses caused by various gradient
effects [12], [19], [20]. Further complications arise when drying involves materials in
a multilayer structure that exhibits different drying behaviour. Basically, this is
influenced by the shrinkage mechanism as the water removes from the porous structure
network in the ceramic body. Hence, it is crucial to control the drying process and this
can be achieved by having a better understanding of the dynamic behaviour of the
underlying physics during the process for each stage at a fundamental level. With this
focus in mind, the experimental approach (uncertainty in dynamic measured results
can be as high as 115% [21]) seems to have limited ability for materials with a wide
range of interest. Therefore, the development of a mathematical model for the purpose
of computational method will provide sufficient generality to evaluate drying
processes in the multilayer structure of ceramic materials.
81.3 Research objective
Motivated by the outline problem statement, this present research effort was
undertaken with the following objectives:
i. To develop and establish a theoretical formulation model that integrates
hygroscopic and non-hygroscopic material properties with governing
equations to investigate the transport variables and mechanisms in drying
phenomena for stationary and non-stationary (intermittent) drying techniques
that accommodate single layer structure and multilayer structure of the
membrane.
ii. To determine and investigate the most relevant saturation curve for
hygroscopic and non-hygroscopic materials which are integrated with critical
material properties in establishing drying for ceramic membrane.
iii. To implement a numerical solution towards fully coupled theory integrated
with Finite Element Analysis (FEA) in predicting the variation of critical and
measured parameters during the drying process of the ceramic membrane.
iv. To validate and simulate the theoretical formulation model developed by
FORTRAN source code that integrates with all the variables and material
properties based on the particular cases of the proposed drying ceramic
membrane.
1.4 Scopes
The model was constructed based on drying theories with basic fundamental physical
laws as given in the relevant literature on the convective drying technique. The
utilisation of the derived relationships requires knowledge of the properties and
characteristics of the material to which the analysis will be applied. In spite of the
uncertainties associated with ceramic material, it has become an acceptable procedure
for most practical problems to approximate ceramic properties for the development of
models and analysis. This assumption is corroborated by various models in literature.
Eventually, the simulations can be used to identify key model parameters so that
9subsequent sensitivity studies can be carried out in order to establish the effects these
parameters have on the performance of convective drying.
1.5 Research contributions
This model is developed based on a continuum approach to provide a systematic way
to incorporate fully coupled heat, mass and gas transport equations for convective and
diffusive mechanisms. The main working parameters in the derivation of the transport
equations are temperature, gas pressure and pore water pressure. The initial
contribution involves the introduction of bound water flux into the mass conservation
equation, coupled with heat and gas transfer as derived in the proposed model for
hygroscopic material. Further extension was conducted in this work by developing and
applying a comprehensive model that can be used not only in a single layer or
homogenous multilayer structure but also in a heterogeneous multilayer structure. This
model is also able to accommodate the materials selection of heterogeneous physical
properties besides the hygroscopic and non-hygroscopic behaviours which is not
established in previous work (insert figure in Figure 1.4). Furthermore, this model is
successfully implemented in both stationary and intermittent convective drying
techniques. Figure 1.4 demonstrates the simplified contributions of the current model
when compared with previous work. The numerical simulation was benchmarked
against various results computed by other models and experimental results gained.
10
Figure 1.4: Contribution of current work {the insert figure is contribution of previous
work}
1.6 Structure of the thesis
The research work documented in this thesis is organized to have the following
structure: the first chapter consists of a short introduction that includes the problem
statement, objectives, scopes and contribution of the current works that have been
conducted. The second chapter explains the theory and literature review of the
membrane structure, fabrication process of ceramic membrane, the importance of the
drying process in the membrane fabrication, drying process theory, transport
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properties of porous material and mathematical model of drying. Subsequently,
chapter three contains the model governing equations to be derived and incorporated
with finite element and numerical solution to solve the nonlinear partial differential
equation. Also the background and model set-up for every case study are stated in this
chapter. Chapter four includes the validation of the improved proposed model before
all the results generated based on different aims for multiple cases will be presented.
In every case, the model set-up used and the results, together with the discussion of
the results, are presented as independent tasks unless stated otherwise. The major
findings of these different cases will be summaries in the final conclusion along with
the suggestion of future work to enhance the model (Chapter 5). The Appendices
include some additional results.
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CHAPTER 2
LITERATURE REVIEW
2.1 Introduction
Traditionally, ceramic membranes are widely used in wastewater engineering. While
ceramic membranes also can be used in any other industries, current trends show they
have expended their application in gas application, chemical industry, biotechnology
and the food and beverage industry due to their advantages compared to their
competitors, where filtration processes are superior to other separation processes [1].
This is mainly due to ceramic membranes possessing many sterling characteristics as
compared to the polymeric membranes, such as much higher chemical and thermal
stability. These features enable ceramic membranes to be operated at higher
temperatures and in the highly reactive compounds present in either acidic or alkaline
surroundings. They also have better physical mechanical stability. Ceramic supported
membranes are much harder than the thin polymer structure of the polymeric
membranes. Relatively, ceramic membranes will have a longer lifespan compared with
polymeric membranes. Overall, these features will save the operation costs for
industries without compromising the quality of the products [11]. With those unique
characteristics, the efficiency and performance of the filtration system using ceramic
membrane also facilitates the membrane structure itself. Thus, understanding the
essential features of the membrane structure is crucial for their application and usage
in various ranges.
This chapter starts with membrane structure introduction before preparation of
ceramic membrane will be discussed. Next, the importance of the drying process is
emphasised. Eventually, the drying theory and transport in porous material are
discussed, and it ends with various mathematical models.
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2.2 Membrane structure
In general, a ceramic membrane can be described as a permselective barrier or a fine
sieve [1]. The two most important performance indicators for a ceramic membrane is
permeability and separation factor. Physical properties such as density, porosity and
permeability play an important role when it comes to their applications and separation
mechanisms. Typically, ceramic membrane is categorised into four types, namely
macroporous, mesoporous, microporous and dense, corresponding to their pore size
[1]. Their applications also match with type of ceramic membranes where
macroporous and mesoporous ceramic membranes are mainly used in microfiltration
(MF) and ultrafiltration (UF) for water treatment industries, while microporous and
dense are used in gas separation industries.
Typically, ceramic membranes are often multilayer with one or more different
type of ceramic materials. They generally consist of a main microporous (or a dense)
top layer, one or two mesoporous intermediate layers and a macroporous support layer.
Theoretically, the membrane can be divided into several layers as shown in Figure 2.1
with an illustrated schematic representation in Figure 2.2.
Figure 2.1: SEM micrograph of layered ceramic membrane [1]5
The top layer generally has fine and dense pore structure and is used as a filter
for separation processes. Meanwhile, the next three layers, which are intermediate and
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bottom layer, consist of mesoporous and macroporous ceramic materials respectively,
and are fabricated in the form of a porous structure to support the membrane itself and
also to ease the permeation process. The pore sizes of the bottom, intermediate and top
layers are in the range of 10µm, 0.2-0.7µm and 6nm [1] respectively. Their pore sizes
are associated with their aforementioned purpose. The commonly used materials for
commercialized ceramic membranes are Al2O3, ZrO2, SiO2, TiO2 and also a
combination of these materials. Obviously, the top separation layer with a microporous
and dense ceramic material possesses a hygroscopic property compared to the
intermediate and bottom layers that have to be a porous structure and tend to have non-
hygroscopic behaviour.
Figure 2.2: Schematic representation of an asymmetric membrane [1]6
2.3 Preparation of ceramic membrane
Normally, the preparation of ceramic membranes involves three main steps: (1)
formation of particle suspensions; (2) packing of the particles in the suspensions into
a membrane precursor with a certain shape such as flat sheet, monolith or tube, and (3)
consolidation of the membrane precursor by a heat treatment at high temperatures [1].
The generalised flow for ceramic membranes preparation is depicted in Figure 2.3.
The process starts with the determination of the raw materials corresponding
with their applications. The materials selection can consist of a single material or a
combination of two or more materials for the multilayer membrane structure. Usually
the raw materials are in the form of powder. Then the powder formation goes through
the spinning and mixing process to form a slurry or paste. There are various methods
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for the fabrication of ceramic membranes to form them into the desired shapes
depending on their applications and features. Among the common shaping techniques
used are slip casting, tape casting, extrusion and pressing, which turn the particle
suspension (slurry or paste) into a membrane precursor. The precursor formation then
undergoes a drying process which removes water or solvent transports by mass and
heat transfer by an evaporation mechanism. Finally, the final membrane product or
membrane support can only be obtained through a firing step where the sintering
process happens. The sintering process is a consolidation process where denser and
better mechanical strength of final product is produced.
Figure 2.3: Three step procedure for ceramic membranes [1]7
The pressing method to form the precursor formation is further discussed as it
is often used in related studies. For a fundamental research in the laboratory, this
method is widely chosen due to its simplicity in preparation of disc membranes. The
dense layer is formed from the particle consolidation by an applied force. This
relatively easy press method using a special pressing machine with 100MPa applied
pressure has been frequently utilized during the fabrication of oxygen or hydrogen
permeable ceramic membranes. The next stage involves drying where moisture is
removed from the porous matrix precursor disc. This step is particularly important as
massive moisture inside the solid matrix induces great cracking and warping. The
sintering process, which is the last stage of consolidation of the disc, leaves the dense
product at usually a few cm in diameter and 0.5mm in thickness.
Drying
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2.4 Importance of drying process in ceramic membrane preparation
As one of the most energy intensive processes in industry [4], [22], drying
configuration is also the less understood as it involves a lot of variables that change
concurrently as the phase and stage changes [23], [24]. Further complications arise if
drying involves materials in a multilayer structure [25]. Ceramic membrane layers as
aforementioned with a hygroscopic layer involve a bound water mechanism that is
strongly attached to the capillary wall. This strongly attached water is quite difficult to
measure using experimental techniques due to its strong capillary suction and low
permeability value when compared to the non-hygroscopic material [26]. Typically,
drying of the membrane layering structure not only involves the controlling of the
dynamic parameter or variables but the different materials that act with different
properties also strongly influence the consistency of shrinkage geometry which is often
associated to leaking of membranes due to the failure of drying and firing processes.
Drying induces non-uniform stresses such as pressure gradient of the flow of liquid
during shrinkages in constant rate period (CRP), macroscopic pressure gradient of
escaping gasses during falling rate period (FRP) and different thermal expansion of
ceramic due to temperature gradients, and causes warping or cracking [12]. The flow
of liquid, the macroscopic pressure gradient, and the temperature gradient is controlled
by the drying rate which is typically controlled by external conditions [12]. A carefully
controlled drying process will maintain the desired product configuration [27].
However, insufficient completion of drying and poor condition of the dryer influence
directly the product quality [27]. Therefore, an understanding of the various stages and
the parameters that evolve dynamically with time throughout the drying process is
extremely important in governing the quality of the final products by eliminating all
the unnecessary trouble, especially for membrane application. The significance of
research and development (R&D) will help to give suggestions and improved design
of the product for higher product quality [27]. A precise design for the complete drying
process will reduce failures during subsequent sintering to yield a higher quality
product.
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2.5 Drying theory and mechanism of porous structure
To ensure a suitable and usable end product, most of the moisture content must be
removed during the drying process [18]. The beginning of the drying of a saturated
body is initiated by the free water movement to the air via evaporation mechanism.
Meanwhile, an unsaturated body includes the removal of water from a system by first
breaking down the strength between the water and the solid surface [28]. Hence, the
drying process is such a complex and complicated phenomenon associated with heat
and mass transfer within porous media and moisture and is always accompanied by
phase changes.
2.5.1 Drying period
The individual phase volume using a volume averaging technique usually consists of
solid, liquid, bound liquid, gas and water vapour, though each can vary with time and
space domain (Figure 2.4). The process that occurs in those phase changes during the
drying stages normally includes: unsaturated flow of liquid within the porous solid,
vapour flow within the porous solid, liquid vapour phase change, and convective-
diffusion transfer of vapour from the surface of the solid to the surroundings [7]. A
phase change phenomenon in which the moisture within the material is liquefied or
evaporated occurs and there exists two phases simultaneously. Phase changes will
divide the solid into wet and dry zones which lead to the latent heat of evaporation
existing on the interface.
Figure 2.4: Schematic view of phase exists in a porous medium [23]8
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Those phase changes that occur during the drying of porous media are too
complex to describe precisely and thus add difficulties when combined with moisture
transport within the matrix. This mechanism can be classified into two distinct stages:
stage one is often called the constant drying rate period (CRP) and the second stage
known as the falling drying rate period (FRP) is further classified into two different
stages (FRP1, FRP2) [29]. The typical drying curve is depicted in Figure 2.5 and this
is similarly seen in many works [6], [9], [10], [15], [17], [22], [25], [30]–[36]. As
shown in those works involving drying process for ceramic material, the warming up
period is non-existent or has no significant effect. Thus this period of drying is not to
be included and discussed further in our current works. Hereby, the three
distinguishable stages namely CRP, FRP1 and FRP2 that highly influence and
contribute as a decisive factor in the heat and mass transfer through the drying process
are further elaborated.
Figure 2.5: A typical moisture content profile. (A) Warm-up period. (B) Constant
rate period. (C) First falling rate period. (D) Second falling rate period. [37]9
The first stage of the drying process, called the CRP, attributes to the constant
drying rate as the rate of evaporation per unit area of the drying surface is independent
of time [9]. Drying at this stage can be presumed to be free evaporation from an open
dish of liquid. Initial moisture content and hydraulic diffusivity of porous materials are
sufficiently high enough and the entire surface area is covered with a film of free water
[6], [22]. This leads to liquid continuously evaporating without being replaced by air
where the area of contact between the air and the medium is constant. The mass flux
(mass loss per unit of time and area) is constant in this state. The evaporation rate is
19
maintained mainly by adequate capillary force associated with other forces such as
liquid-solid matrix interfacial drag, viscous force and others [10]. Liquid migrates
from regions of high concentration of moisture content in large pores towards the low
concentration of moisture content in the small pores. This liquid migration is
associated with Darcy’s law [23], [26], [38]. During CRP, the water distribution does
not show steep internal gradients [8] because the internal moisture transfer to the
surface and the evaporation from the surface are in equilibrium. This stage of drying
is also referred to as a funicular state. The temperature of the solid matrix remains at
wet bulb temperature because no energy transfer occurs [39]. The convective heat
supply to the interface is quasi entirely used for the evaporation of water. Thus, the
drying rate is greatest at CRP and depends only on the external conditions such as
temperature, relative humidity, velocity and others, rather than the rate of transport
within the material itself [8], [10], [23].
As drying proceeds, the surface water content falls rapidly while the faction of
wet area at the surface also decreases. Eventually, the drying process reaches the
critical moisture content denoting the point on the drying curve at which the transition
from the CRP to the FRP takes place [17]. The corresponding free water level holds
the saturation value of 0.3 for most porous materials [10], [20], [40]. This is the second
stage of the drying process (FRP). Further, FRP can be separated into two distinct
periods, denoted as falling rate period one (FRP1) and falling rate period two (FRP2).
FRP1 happens once insufficient free water passes through randomly distributed paths
in a medium leading to a formation of the percolation threshold. Consequently, the
water phase will continue when the free water content is above the critical value, and
the formation of discontinuous wet patches on the surface occurs once the free water
level is below critical regardless of the rate of internal moisture transfer. Those dry
patches formed on the surface will still contain bound water in their pores and it offers
a resistance to heat transport, resulting in a reduction of evaporation rate as well as
drying rate. This phenomenon will cause the formation of a drying front, marked by a
steep change in liquid-vapour content [22], [41]. At this moment, the external vapour
flux is reduced and heat flux from the surroundings being supplied to the solid matrix
is greater than what is needed for evaporation to occur. Eventually, the temperature at
the surface will increase. This is followed by the inner part of the solid as a conductive
heat flux will exist inside it, increasing the temperature within the solid to enable
evaporation to continue by gaseous diffusion. It is also likely that steeper gradients of
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water will develop behind the drying surface following the increase of surface
temperature initially [8]. At this moment, a capillary mechanism which is dominated
before FRP1 slowly diminishes as the water is strongly bonded to the porous matrix.
Vapour movement by diffusion will control the much slower drying rate at this
moment associated with the decrease in moisture content. Vapour flows from many
vapour molecular regions to the low vapour molecular regions and the vapour diffusion
is associated with Fick’s law [18], [26]. Finally, the drying process eventually ceases
when the moisture content reaches equilibrium, denoting the final value at the end of
drying [17]. The end of this drying process at this stage is generally only applicable
for non-hygroscopic material. As for hygroscopic material which exhibits a bound
water mechanism, the drying will proceed to the next stage.
Further drying leads to surface water content reaching the maximum
irreducible value and there is no free water on the surface. Dry patches appear followed
by an increase of surface temperature signalling the start of FRP2. The formation of
an evaporation front divides the solid into two regions as shown in Figure 2.6. Inside
the evaporation front, there is free water existing in the pores and a capillary
mechanism plays a role in transporting the liquid for evaporation to happen. Outside
the evaporation front, there is no free water and all water will be bound to the solid
matrix [10], [28]. The pendular state follows the funicular state where only bound
water exists. The drying of bound water only occurs in hygroscopic materials and its
mechanism is discussed in the later sub-section.
Figure 2.6: Drying model [10]10
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2.5.2 Kinetic of dynamic drying diffusivity
There are various drying parameters that evolve concurrently during mass and heat
transfer. Among the common main variables are water pressure, temperature, gas
pressure and moisture content. The expression of variables changes corresponding to
the related effective diffusivity in the model. Hence, the expression of the diffusivity
in the model determines its validity. The effective diffusivity is not assumed to be
constant but to be functional of temperature or moisture content [26], [42]. Since the
effective diffusivity depends on the heat and mass transfer mechanisms considered, it
is important to analyse these transport phenomena to develop a robust model for
practical application. The variations of effective diffusivity are shown in Figure 2.7.
As illustrated, the different mechanism of the effective diffusivity depends critically
on the saturation condition. When the saturation is above the critical value, liquid
movement is dominantly generated by capillary action. The concept of capillary action
will be discussed in the later sub-section. This is noted by the high value of the liquid
diffusivity when saturation is high, and it reduces sharply when saturation nears the
critical stage. A substitution for capillary action is the vapour mechanism for mass
transfer mainly due to diffusion. This is shown by the obvious increment of vapour
diffusivity as evaporation continues. Towards the end of the drying process, the vapour
diffusion decreases gradually as the moisture equilibrium between the solid matrix and
external surroundings is almost accomplished. It can be deduced that the total
diffusivity is the combination of these effective diffusivity stages during the drying
processes. The stages of drying can also be interpreted with this data. Unfortunately,
the effective diffusivity is non-empirical data and largely unavailable or almost non-
existent for most materials [26]. Therefore, a mathematical drying model needs to be
developed for the purpose of improving knowledge of the interrelationship of effective
diffusivity for a particular material structure.
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Figure 2.7: Variations of effective diffusivity with moisture content [43]11
2.5.3 Drying in non-hygroscopic and hygroscopic materials
Generally, moisture in a porous material consists of three types of water identified as
free, capillary, and bound water. Free water is able to flow under an applied pressure
gradient, capillary water is immobile water held by capillary forces in regions of
microporosity i.e. dead-end pores, while bound water includes both the water strongly
held to negatively charged particle surfaces and the water of hydration associated with
the mineral charge-balancing unit. The difference level of these types of water will
exhibit different properties of porous material generally known as hygroscopic and
non-hygroscopic materials. The drying of non-hygroscopic materials only involves
free and capillary water that can easily be determined and measured with specific
equipment. In contrast, the drying of hygroscopic materials not only involves free and
capillary water but also tightly bound water that is strongly attached to the solid matrix
up to the hydration temperature [44]. By referring to Figure 2.5, the drying period for
non-hygroscopic material consists of periods A, B and C but for hygroscopic material,
it is further extended until period D before the drying ceases. Previous studies on
drying of hygroscopic and non-hygroscopic materials have presented different
equations and formulations as well as the concept that has been derived [10], [40],
[45], [46]. Bound water movement is expressed in terms of the diffusion of sorbed
water driven by a gradient in the chemical potential of the sorbed water molecules
[45]. A similar approach had been used by Kolhapure [44] during studies of an
unsaturated flow of low moisture for porous hygroscopic material. As for Stanish et
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al. [46], in low moisture contents, pores mainly consist of bound water and vapour in
their development and had derived a uniquely explicit expression for bound-water flux
in terms of temperature and vapour pressure gradients. Meanwhile, Zhang et al. [10]
and Haghi [37] revealed that the bound water transport mechanism is only effective
when saturation irreducible is reached. The movement of bound water in hygroscopic
materials is also known as liquid moisture transfer near dryness or sorption diffusion
with a driving force of vapour transport and without liquid transport [5]. Thus, the
drying of different types of moisture content is associated with the material behaviour
and the drying stage.
2.5.4 Drying shrinkage
Water on a porous matrix exists with a potential for occupying pores. The gradient of
suction potential in clay material corresponding to moisture content is identified as the
driving force for water movement inside the porous matrix [47]. The suction potential
and strain induced are interrelated and cannot be discussed without taking both into
account in the shrinkage problem [20], [27], [30], [32], [47], [48]. A detailed
description of the shrinkage phenomenon is of vital importance to study as improper
control of drying-induced stresses lead to the permanent irreversible deformation of
dried products which causes destruction and defects such as warping, cracking and
fracture [6], [27], [32], [49]–[52]. In general, material undergoing drying induced
several types of strain and in many cases, the largest stain component is the shrinkage
strain [23]. Theoretically, material shrinkage can be ascertained by considering the
body volume or any geometry changes caused by reduction of moisture gradient or
state of saturation [17], [29], [53]–[55]. As reported in many open literatures, a linear
shrinkage correlation with moisture content is shown [17], [23], [27], [32], [56]. The
typical equation that has widely been used is:
S
V
tV
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0
  (2.1)
where Vt and V0 denote the final volume and initial volume respectively, S is the
saturation and β1 and β2 are the constants. The relationship between drying rate,
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moisture content and volume shrinkage is shown in Figure 2.8. The greatest shrinkage
happens during the CRP [6], [27], [29], [47], [56]–[59]. During CRP, the outflow of
liquid-water is induced by a high gradient of pore water pressure between the surface
and core of the matrix. Thus, the continuous liquid supply from the capillary
mechanism via water flux is constant depending on the external drying condition [55].
The fully saturated wet state of material dried is expanding shrinkage at the maximum
limits [12]. Therefore, effective stress increases due to a decrease in the water pressure
and the matrix suffers an increasing internal compression state of stress. Therefore, the
particles inside the solid matrix have to rearrange and shrink [6], [12], [41]. However,
the dried product is free of stress at this moment [49] if there is no crack formation
being observed in this period [30] (refer Figure 2.9(a)). The critical point of saturation
is also the crack initiation point [32]. There is much lower shrinkage in FRP but it
tends to generate fracture failure increase as the dried body is exposed to very intensive
shrinkage before that. At this moment, the particles are in close contact or are touching
each other. This leads to minimal or no shrinkage beyond this period of drying. This
is called the shrinkage limit [48], [60], [61]. Commonly, the formation crack is
initialised when an evaporation front or receding drying reaches the surface layer
gradually at FRP. The formation of water-air meniscus between the particles also leads
to capillary suction between the particles (refer Figure 2.9(b)). Over a prolonged period
of time, the suction between particles increases due to a decrease in moisture content.
When the layer consolidates and shrinks, tensile stress is formed at the surface layer
(refer to Figure 2.9(c)). Hereby, the generation of tensile stress counteracts the
shrinkage phenomenon. When wet material dries, the drier surface intensively shrinks
but is restrained by the wet core. Hence, the surface is in a tensional state of stress
while the core is in a compressional one [19], [20], [29], [55], [56], [59]. When the
rising tensile stress exceeds the tensile strength of the surface layer, a cracking
formation occurs on the surface (refer to Figure 2.9(d)) caused by inhomogeneous
shrinkage when the rigid outer region restrains the inner saturated regions to shrink
[6], [19], [20], [30], [41], [49], [56]. Often, a number of internal small micro cracks
arise during drying. This is a local weakness of the material which may nucleate and
develop into bigger macro cracks that have potential to create failure or fracture at any
time [19], [49], [56]. Furthermore, the confirmation of dry drained zones formation at
different extension and orientation with respect to the stress field increases the
probability of crack initiation [41].
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